We report the discovery by the HATSouth exoplanet survey of three hot-Saturn transiting exoplanets: HATS19b,. The planet host HATS-19 is a slightly evolved V = 13.0 G0 star with enhanced metallicity of [Fe/H] = 0.240 ± 0.050, a mass of M = 1.303 ± 0.083 M and a radius of R = 1.75 ± 0.25 R . HATS-19b is in an eccentric orbit (e = 0.30 ± 0.10) around this star with an orbital period of 4.5697 days, and has a mass of M p = 0.427 ± 0.071 M J and a highly inflated radius of R p = 1.66 −0.054 R J . With the addition of these three very different planets to the growing sample of hot-Saturns, we re-examine the relations between the observed giant planet radii, stellar irradiation, and host metallicity. In agreement with earlier results, we find that there is a significant positive correlation between planet equilibrium temperature and radius, and a weak negative correlation between host metallicity and radius. To assess the relative influence of various physical parameters on the observed planet radii, we train and fit models using Random Forest regression. We find that for hot-Saturns (0.1 < M p < 0.5 M J ), the planetary mass and equilibrium temperature play dominant roles in determining planet radii. In contrast, for hot-Jupiters (0.5 < M p < 2.0 M J ), the most important parameter appears to be equilibrium temperature alone. Finally, for irradiated higher-mass planets (M p > 2.0 M J ), we find that equilibrium temperature dominates in influence, with smaller contributions from the planet mass, and host metallicity. 
−0.054 R J . With the addition of these three very different planets to the growing sample of hot-Saturns, we re-examine the relations between the observed giant planet radii, stellar irradiation, and host metallicity. In agreement with earlier results, we find that there is a significant positive correlation between planet equilibrium temperature and radius, and a weak negative correlation between host metallicity and radius. To assess the relative influence of various physical parameters on the observed planet radii, we train and fit models using Random Forest regression. We find that for hot-Saturns (0.1 < M p < 0.5 M J ), the planetary mass and equilibrium temperature play dominant roles in determining planet radii. In contrast, for hot-Jupiters (0.5 < M p < 2.0 M J ), the most important parameter appears to be equilibrium temperature alone. Finally, for irradiated higher-mass planets (M p > 2.0 M J ), we find that equilibrium temperature dominates in influence, with smaller contributions from the planet mass, and host metallicity. Subject headings: planetary systems -stars: individual (HATS-19, GSC 7172-01459, HATS-20, GSC 8247- 02184, HATS-21, GSC 8770-00400) -techniques: spectroscopic, photometric 1. INTRODUCTION The accelerating rate of discovery of transiting exoplanets in the past decade has been driven by the continuing efforts of ground-based surveys such as HATNet (Bakos et al. 2004) , HATSouth , WASP (Pollacco et al. 2006) , KELT (Pepper et al. 2007) , and the important contributions of space missions, including CoRoT (Baglin 2003) and Kepler (Borucki et al. 2010) . It is now becoming increasingly possible to study populations of exoplanets, characterize trends in their properties, and perform robust comparisons to theoretical models of their formulation and evolution. Many of the giant exoplanets (with mass M p > 0.1 M J ) discovered so far have measured radii that are inflated with respect to Jupiter itself over a large range of planetary masses. This is an expected outcome based on the small orbital semi-major axes of the majority of these planets, which are all significantly affected by stellar irradiation from their host stars. The details of this mechanism, however, are not fully understood. Possible candidates include tidal heating (Jackson et al. 2008) , opacity-induced inefficiencies in energy transport in the planet atmosphere (Burrows et al. 2007) , and several other methods of depositing energy into the planet interior (Guillot & Showman 2002; Batygin et al. 2011) , thus inflating its radius. The effects of these different mechanisms may differ over a range of planet masses, host star metallicity and luminosity, and orbital eccentricities, thus allowing us to distin-guish between them.
The small number of transiting low mass giant planets, particularly hot-Saturns (0.1 < M p < 0.5 M J ), however, makes the determination of any definitive trends of planet radius with planet mass, the level of stellar irradiation, or the host star metallicity, rather difficult. With the focus of spacebased transiting exoplanet missions shifting to even lower mass Earth-like planets, ground-based transit surveys have the unique opportunity to deeply explore this parameter space.
In this paper, we report three transiting Saturn-mass exoplanets in close orbit around G stars, , discovered using HATSouth survey observations in 2011 and 2012, and confirmed via subsequent photometric and spectroscopic follow-up observations. The HATSouth survey 13 achieved first light in 2009, and has discovered many interesting transiting exoplanetary systems in the Southern sky since then. Recent highlights include a transiting hot-Saturn in orbit around an M-dwarf and the longest period transiting exoplanet discovered by a ground-based survey so far (Brahm et al. 2016) .
The planets discussed in this work are quite diverse in their properties. HATS-19b is one of the most highly inflated giant planets discovered so far, despite its Saturn-like mass. HATS20b is a planet much like Saturn itself in mass, density, and radius, despite being in close orbit around and under significant irradiation from its host star. Finally, HATS-21b is a significantly inflated Saturn that orbits a relatively metal-rich host star. This paper is organized as follows. In § 2.1, we describe the initial observations leading to the detection of transits of these three exoplanets. Follow up efforts are described in § 2.2, including reconnaissance spectroscopy, high-precision followup light curves, lucky imaging to rule out close companions, and finally, precise radial velocity measurements. We present our analysis in § 3, including determination of the properties of the host stars ( § 3.1), ruling out blends ( § 3.3), and final parameters for . Finally, in § 4, we discuss these newly discovered planets and investigate the relations between planet radius and stellar irradiation and stellar metallicity for a sample of wellcharacterized transiting giant exoplanets from the literature, and resulting implications.
OBSERVATIONS

Initial photometric detection
The six robotic HATSouth telescope units, distributed evenly in longitude for near-continuous phase coverage, are located (two units per site) at the Las Campanas Observatory in Chile (LCO), the High Energy Stereoscopic System (HESS) site in Namibia, and the Siding Spring Observatory in Australia (SSO). Each telescope unit consists of four 180-mm aperture f/2.8 Takahashi astrograph telescopes backed by 4K × 4K Apogee U16M Alta CCDs on a common mount, with a 4
• × 4
• field of view per telescope (resulting in a perunit combined field-of-view of 8
• × 8
• ) and pixel scale of 3. 7 pixel −1
. The units observe autonomously from dusk to dawn, suspending operations as needed during bad weather. During more than five years of HATSouth operations, we have collected > 3 million frames for ∼ 10 million stars to a limiting r < 16 mag, covering ∼ 13% of the Southern sky. 
• 00 , and G777 centered at α = 18 h 24 m , δ = −60 • 00 respectively. Field G606 was observed by the HATSouth units HS-1 at LCO, HS-3 at HESS, and HS-5 at SSO from 2011 January to 2012 June. Additional observations of an overlapping field G607 were taken by the HATSouth units HS-2 at LCO, HS-4 at HESS, and HS-6 at SSO during 2012 February-June. Field G700 was observed by HS-2, HS-4, and HS-6 from 2011 April to 2012 July. Field G777 was observed by HS-1, HS-3, and HS-5 from 2011 May to 2012 September, with additional observations of an overlapping field G778 by HATSouth units HS-2, HS-4, and HS-6 during 2011 May to 2012 October.
All photometric observations were reduced to light curves following the aperture photometry procedures detailed in Bakos et al. (2013) and Penev et al. (2013) . Systematics in the light curves were removed using the External Parameter Decorrelation (EPD; Bakos et al. 2010 ) method and the Trend Filtering Algorithm (TFA; Kovács et al. 2005) . These detrended light curves were then searched for exoplanet transit signals using the Box-fitting Least Squares algorithm (BLS; Kovács et al. 2002) .
We detected a transit signal in combined observations of HATSouth fields G606 and G607 for the star HATS-19 (α = 09 h 49 m 37. s 63, δ = −33
• 13 06. 6, V = 13.030 ± 0.060 mag, also known as 2MASS J09493761-3313065) with a depth of 10.3 milli-mag (mmag), a period of 4.5697 days, and duration of 4.005 hours. In total, 19990 Sloan r-band light curve points with 4-minute exposure time were obtained for this object with a median cadence of ∼ 5 minutes.
Similarly, a transit signal was detected for the star HATS-20 (α = 13 h 12 m 32. s 04, δ = −45
• 35 26. 0, V = 13.765 ± 0.050 mag, also known as 2MASS J13123190-4535259) during observations of field G700 with a depth of 8.3 mmag, a period of 3.7993 days, and transit duration of 2.453 hours. The light curve for this object has total of 16191 4-minute Sloan r-band exposures with a median cadence of ∼ 5 minutes.
Finally, we detected a transit signal in combined observations of field G777 and G778 for the star HATS-21 (α = 18 h 40 m 44. s 40, δ = −58 • 27 33. 3, V = 12.191 ± 0.020 mag, also known as 2MASS J18404426-5827332) with a depth of 11.1 mmag, duration of 1.978 hours, and a period of 3.5544 days. The light curve for this object has 13106 4-minute Sloan r-band light curve points with a 5-minute median cadence. Table 1 presents a summary of the various HATSouth photometric observations. Figure 1 shows the discovery light curves, phase-folded at their respective orbital periods, for all three transiting systems.
All transit candidates from HATSouth observations of these fields were then vetted by reconnaissance spectroscopy to determine stellar parameters and rule out large radial velocity variations indicative of eclipsing binaries ( § 2.2.1). were identified as promising targets for further photometric follow-up observations to obtain high-quality light curves and confirm their transit signals ( § 2.2.2). Finally, high precision radial velocity (RV) measurements were carried out for the three transit candidates ( § 2.2.4) to determine their fundamental properties. (ANU) 2.3-m telescope at SSO. Details of reductions for these data are presented in Bayliss et al. (2013) ; we briefly summarize the process:
The first stage of these observations involved a single spectrum taken with modest resolution R ≡ λ/∆λ = 3000 to determine if the transit candidate stars were dwarfs, as transit signals for giant stars with the measured duration from HATSouth light curves would not indicate possible planetary origin. To this end, we determined the rough stellar parameters of the targets, including T eff , log g, and [Fe/H] by a grid search to minimize χ 2 differences between the observed spectra and synthetic templates prepared using the MARCS atmosphere models (Gustafsson et al. 2008) . From these observations, HATS-19 was found to be a G star with T eff = 5695 ± 300 K, a surface gravity of log g = 3.6 ± 0.3 that is borderline between that of a dwarf and sub-giant star, and [Fe/H] = 0.0±0.5 dex. Similarly, HATS-20 was noted as a G-dwarf star with T eff = 5564 ± 300 K, log g = 5.0 ± 0.3, and [Fe/H] = 0.0 ± 0.5 dex. Finally, HATS-21 was found to be a G-dwarf star with T eff = 5322±300 K, log g = 4.3±0.3, and [Fe/H] = 0.0 ± 0.5 dex.
The second stage of reconnaissance spectroscopy involved obtaining spectra at several points in orbital phase for all three targets with the WiFeS instrument at a slightly higher resolution of R = 7000 to rule out large radial velocity variations (K > 2 km s
−1
). Velocities of this order would indicate high-mass companions to the target stars, thus invalidating the planetary origin for their transit signals. No evidence for such variations was found for any of the three transit candidates.
Details of the reconnaissance spectroscopy observations are presented in Table 2 , while final stellar parameters derived after global modeling including high-resolution spectra and precise measurements of radial velocities ( § 2.2.4) are listed in Table 4 .
Follow-up light curves
High quality photometric observations with larger telescopes than the HATSouth instruments were obtained for the three candidates to constrain transit parameters and refine transit ephemerides. We briefly describe these observations below. Table 1 lists the various telescopes, instruments, filters, and observing parameters. Figure 2 shows all follow-up light curves for HATS-19, -20, and -21 along with transit model fits (discussed further in § 3.4). Table 3 lists all photometric observations of these three exoplanet candidates, including the initial HATSouth light curves as well as the follow up observations.
HATS-19 was observed with the Swope 1-m telescope and the SITe3 camera on 2013 November 21 (Sloan r; ingress event) and 2014 March 20 (Sloan i; full transit). Aperture photometry was performed on the frames following the procedure in Deeg & Doyle (2001) and Rabus et al. (2016) , and differential magnitude light curves were obtained. Another full transit event for HATS-19 was observed using the Danish 1.54-m telescope, the DFOSC camera, and the B filter, on 2015 March 20. This observation was carried out with the telescope defocused to obtain high photometric precision (∼ 1.2 mmag per point), and frames were reduced following the procedure described above. All three follow-up observations showed no variation in transit depth between the different filters used, greatly improving the likelihood that this transit candidate is not affected by blending with a foreground/background eclipsing binary system.
A transit ingress event for HATS-20 was observed by the 0.3-m Perth Exoplanet Survey Telescope (PEST) on 2015 April 23 using a Cousins-R filter. These observations were reduced to light curves following Zhou et al. (2014b) . After refining ephemerides based on this light curve, a nearly fulltransit event was observed by the 1-m telescope of the Las Cumbres Observatory Global Telescope network (LCOGT; Brown et al. 2013) at the South African Astronomical Observatory (SAAO) with the SBIG camera and the Sloan i filter on 2015 May 12. Another LCOGT observation of the full transit event took place on 2015 May 27 using the 1-m telescope at Cerro Tololo Inter-American Observatory (CTIO) and the Sinistro camera with the Sloan i filter. Calibrated science frames were delivered by the LCOGT pipeline, which we then reduced to light curves following the procedures described in Bayliss et al. (2013) . Finally, we covered yet another fulltransit event including out-of-transit observations using the Swope 1-m telescope and the SITe3 camera with the Sloan i filter. As before, all transit event depths were achromatic, increasing confidence in the planetary nature of these observed transits.
Finally, a full-transit event for HATS-21 was observed using the LCOGT 1-m telescope at SAAO and the SBIG camera with the Sloan i filter on 2015 July 15. Due to the relatively deep transit (∼ 10 mmag), the ephemerides for this target were well-constrained by the HATSouth light curve itself, thus a single follow-up light curve was sufficient to characterize this candidate's transit parameters. These observations were reduced in a similar manner to those obtained for HATS-20.
Imaging to rule out close companions
Close companions to potential planet host stars can be a significant source of extra light if they remain unresolved in photometric observations of the target systems. These companion stars may in turn be unresolved multiple star systems on their own. A close-by eclipsing binary system may produce a diluted eclipse signal that mimics the characteristic depth and shape of a planetary transit across the face of the original target star. Photometric follow-up of transit candidates, therefore, should include high-resolution imaging of the target stars to rule out the possibility of a false-positive detection by the initial survey (which generally has very widefield low angular-resolution images). For the HATSouth survey, in addition to careful inspection of follow-up images, we started observing some of our transit candidates with the AstraLux Sur lucky-imaging instrument (Hippler et al. 2009 frames with an exposure time of 30 milliseconds each in the SDSS i filter. These observations were reduced following the procedure in Hormuth et al. (2008) ; the frames with the best 10% of the measured Strehl ratio were selected and combined into a single frame that is oversampled using a drizzle process resulting in a final pixel scale of ∼ 23.7 milliarcseconds (mas) pixel We obtain 5σ detection contrast curves for HATS-19 and -20 following the procedure in Espinoza et al. (2016) and the accompanying code 14 . We first fit for the point-spreadfunction (PSF) of the target, then subtract this from the image. On the residual image, we then place simulated sources with PSFs of the derived full-width at half-maximum (FWHM) of the original star and scaled fluxes corresponding to magnitude contrasts of ∆z = 0 to 10 mag at various positions on the image around the location of the target star. Finally, we attempt to recover these simulated sources, requiring that any detection be 5σ above the background. In this way, we generate a contrast curve placing upper limits on the brightness of any close companions. We derived an effective FWHM of the PSF of the HATS-19 observation of 4.84 ± 0.35 pixels, which corresponds to 111 ± 8 mas. The obtained 5σ contrast curve following this procedure is shown in the upper-right panel of Figure 3 . Similarly, we derived an effective FWHM of the PSF of the HATS-20 observation of 3.39 ± 0.33 pixels, which a S/N per resolution element near 5180Å. b For high-precision RV observations included in the orbit determination, excluding the PFS+I2 observations, this is the zero-point RV from the best-fit orbit. For other instruments, excluding PFS, it is the mean value. We do not provide this quantity for the lower resolution WiFeS observations which were only used to measure stellar atmospheric parameters, or for the PFS observations for which only relative RVs are measured. c For high-precision RV observations included in the orbit determination this is the scatter in the RV residuals from the best-fit orbit (which may include astrophysical jitter), for other instruments this is either an estimate of the precision (not including jitter), or the measured standard deviation. We do not provide this quantity for low-resolution observations from the ANU 2.3 m/WiFeS, or for the I2-free PFS template observations. d We excluded the three ESO 3.6 m/HARPS observations of HATS-20 from the analysis as these appeared to be unreliable due to low S/N and significant sky contamination. One of the ESO 2.2 m/HARPS observations of HATS-21 was excluded also from the analysis due to excessive sky contamination, while all three Euler 1.2 m/Coralie observations of HATS-21 were excluded due to low S/N. 
Precise radial velocity measurements
We observed HATS-19, -20, and -21 with high-resolution spectrographs to obtain precise measurements of their RVs and stellar parameters, and thus constrain the orbits and the Barycentric Julian Date is computed directly from the UTC time without correction for leap seconds. c The out-of-transit level has been subtracted. For observations made with the HATSouth instruments (identified by "HS" in the "Instrument" column) these magnitudes have been corrected for trends using the EPD and TFA procedures applied prior to fitting the transit model. This procedure may lead to an artificial dilution in the transit depths. The blend factors for the HATSouth light curves are listed in Table 5 . For observations made with follow-up instruments (anything other than "HS" in the "Instrument" column), the magnitudes have been corrected for a quadratic trend in time, and for variations correlated with up to three PSF shape parameters, fit simultaneously with the transit. d Raw magnitude values without correction for the quadratic trend in time, or for trends correlated with the seeing. These are only reported for the follow-up observations. fundamental properties of the planetary companions to these stars. These observations are summarized in Table 2 . We briefly discuss each target's observations below. HATS-19 was observed extensively using three high-precision RV instruments. During 2014 March 11-16, we observed this target using the Coralie instrument on the 1.2-m Euler telescope at the European Southern Observatory (ESO) at La Silla. Coralie is a high resolution echelle spectrograph with R = 60000. We obtained six spectra of HATS-19 during this observation run; these were reduced following the procedures laid out in Jordán et al. (2014) . Twelve more spectra were obtained for HATS-19 during observing runs taking place in June 2014-Feb 2015 with the FEROS spectrograph (Kaufer & Pasquini 1998 ; R = 48000) on the ESO/MPG 2.2-m telescope at La Silla. These were reduced using the Coralie pipeline described in Jordán et al. (2014) adapted for use with FEROS data. Finally, we obtained twelve more spectra using the Carnegie Planet Finder Spectrograph (PFS; Crane et al. 2010 ; R = 76000) on the Magellan-II 6.5-m telescope at LCO. These spectra were obtained during observing runs in December 2014-February 2015, and reduced following Butler et al. (1996) . We obtained ten spectra for HATS-20 using the FEROS instrument on the ESO/MPG 2.2-m telescope at La Silla over the period of June-July 2015. These were reduced using the procedure outlined previously. In addition, we observed this target using the High Accuracy Radial Velocity Planet Searcher instrument (HARPS; Mayor et al. 2003 ; R = 115000) on the ESO 3.6-m telescope at La Silla during an observing run on 2015 April 6-8, obtaining three more spectra. These observations were reduced using the calibration pipeline provided by the instrument facility. These spectra resulted in unreliable RV measurements due to low S/N and significant sky contamination, thus were not suitable for detection of low-amplitude radial velocity variations induced by Saturn-mass companions. These were were not used for the subsequent analysis of the system.
Finally, for HATS-21, we obtained seven PFS/Magellan-II spectra during June-July 2015 and eight FEROS/MPG 2.2-m spectra during July-August 2015. These were reduced using the procedures outlined above to obtain precise RV estimates. In addition to these measurements, we also observed this target with HARPS/ESO 3.6-m during April-September 2015 (three spectra obtained) and Coralie/Euler 1.2-m during June-September 2015 (three more spectra obtained). One HARPS observation and all three Coralie observations turned out to suffer from low S/N and sky contamination; these were excluded from any further analysis.
Radial velocity curves phased with the determined orbital periods for are shown in Figure 4 , along with the associated bisector spans (BS) measured over the orbital phases. Table 6 lists all the measured radial velocities and bisector spans for each of three targets.
For HATS-19 and HATS-20, there is a hint that the bisector spans vary in phase with the orbital ephemeris. To check for possible correlations between the radial velocities and bisector spans, we calculated the Pearson correlation coefficient for these quantities. The bootstrap sampling derived 95%-confidence intervals for the correlation coefficient are [-0.75, -0 Figure 5 ), therefore detailed photometric blend modeling is required to rule out the possibility that these planetary RV signals are false-positives. We discuss this effort in § 3.3, where we also discuss likely explanations for the correlation.
3. ANALYSIS 3.1. Stellar parameters for the planet hosts Initial estimates of spectroscopic stellar parameters for HATS-19, HATS-20, and HATS-21 are obtained from the WiFeS R = 3000 reconnaissance spectra. More reliable estimates of these parameters are obtained using the Zonal Atmospherical Stellar Parameter Estimator (ZASPE; Brahm et al. 2016, in prep) method outlined in Brahm et al. (2015) and Brahm et al. (2016) . Briefly: the χ 2 difference between the median-combined observed spectra from the FEROS instrument and synthetic spectra, generated using the SPECTRUM code (Gray 1999 ) and model atmospheres from Castelli & Kurucz (2004) , is minimized over a grid to obtain estimates of T eff , log g, [Fe/H], and v sin i. Measurements of these stellar parameters obtained from a run of ZASPE are combined with constraints on the stellar mean density ρ obtained from the transit light curves (following Sozzetti et al. 2007 ) and orbital parameters obtained from the RV measurements during the global modeling of the data ( § 3.4).
The physical parameters R , M and stellar age, are determined by comparing T eff , [Fe/H], and ρ to Yonsei-Yale (Y 2 ; Yi et al. 2001 ) stellar evolution models. This results in a more precise determination of log g . The log g is then held fixed and another iteration of ZASPE and comparison to Y 2 models performed to determine the final stellar parameters. See Figure 6 for comparisons between the resulting estimates of T eff and ρ for HATS-19, HATS-20, and HATS-21 and the model isochrones. We derive distances to each of the systems by comparing the measured magnitudes to those predicted by the Y 2 models in several broadband filters, assuming a R V = 3.1 extinction law from Cardelli et al. (1989) . All adopted parameters, including derived stellar radii, masses, ages, and distances are detailed in Table 4. HATS-19 is found to be an early G-dwarf (spectral type G0V; based on tabulations by Pecaut & Mamajek 2013 and Covey et al. 2007 ) with a mass of 1.303 ± 0.083 M , radius of 1.75 ± 0.25 R , and log g = 4.07 ± 0.10. The stellar effective temperature T eff measured is 5896 ± 77 K, the measured metallicity [Fe/H] = 0.240 ± 0.050 dex. The star is near the end of its main-sequence lifetime; its derived age is 3.94 
Rotation of the host stars
We checked for signatures of stellar rotation in the HATSouth light curves for HATS-19, HATS-20, and HATS-21 by looking for sinusoidal modulation caused by star spots rotating through the line of sight. We checked for photometric variability in the EPD de-trended light curves as well as the TFA de-trended light curves. We checked both because the non-reconstructive TFA procedure is known to suppress some light curve modulation that may be astrophysical in nature. The planetary transits were masked, and we searched for any In each case we show three panels. The top panel shows the phased measurements together with our best-fit circular-orbit model (see Table 5 ) for each system. Zero-phase corresponds to the time of mid-transit. The center-of-mass velocity has been subtracted. The second panel shows the velocity O −C residuals from the best fit. The error bars include the jitter terms listed in Table 5 added in quadrature to the formal errors for each instrument. The third panel shows the bisector spans (BS). Note the different vertical scales of the panels. remaining periodic signals using the Generalized Lomb Scargle periodogram (Zechmeister & Kürster 2009) . No significant peaks were found in periodograms computed using the EPD and TFA light curves for any of the objects. We note that the target stars appear to be quiet slow-rotating G stars based on the lack of photometric variability, the relatively small observed radial velocity jitter, and the long estimated stellar rotation periods from the spectroscopic measured values of v sin i: 18.5, 29.9, and 19.6 days for HATS-19, -20, and -21 respectively.
3.3. Ruling out blend scenarios We carried out an analysis following Hartman et al. (2012) to rule out the possibility that our transit detections are instead unresolved foreground/background stellar eclipsing binary systems blended with the target systems, thus masquerading as planetary transit signals in either their light curves or the radial velocity measurements. We attempt to model the available photometric data (including light curves and catalog broad-band photometric measurements) for each object as a blend between an eclipsing binary star system and a third star along the line of sight. The physical properties of the stars are constrained using the Padova isochrones (Girardi et al. 2000) , while we also require that the brightest of the three stars in the blend have atmospheric parameters consistent with those measured with ZASPE for the target stars HATS-19, -20, and -21. We simulate composite cross-correlation functions (CCFs) and use them to predict radial velocity (RV) signals and bisector spans (BS) for each blend scenario considered.
For all three objects, we find that blend models that cannot be rejected with at least 4σ confidence based on the photometry alone would have produced RV and/or BS variations in excess of 1 km s −1 , or would have been easily identified as having composite CCFs. The source of the observed BS-RV correlations remains unclear. The small radial velocity jitter measured for all three systems, coupled with no photometric detection of stellar rotation, points to low levels of stellar activity, likely ruling it out as the cause. Alternatively, any remaining unsubtracted signal from the sky background inside the spectroscopic aperture might lead to small variations in BS and RVs that coincidentally end up being correlated. Radial velocity follow-up observing runs tend to be clustered in time; the effective radial velocity signal of the scattered moonlight is similar for many of the measurements, so it is not uncommon for this effect to result in BS-RV correlations (Hartman et al. 2009 ). We are especially sensitive to these small signals due to the low masses and thus smaller radial velocity amplitudes of these Saturn-mass transit candidates.
Based on our blend analysis, we conclude that all three objects are indeed transiting planet systems. We cannot, however, exclude the possibility that one or more of these objects is an unresolved binary stellar system with one component hosting a short period transiting planet. The presence of a still unresolved binary star companion to either HATS-19 or HATS-20, despite the null results from lucky imaging observations presented in § 2.2.3, could also explain the slight BS-RV correlations observed for these systems. For the remainder of the paper we assume that these are all single stars with transiting planets, but we note that the radii, and potentially the masses, of the planets would be larger than what we infer here if subsequent observations reveal binary star companions.
Modeling of the data and resulting planet parameters
We modeled the HATSouth photometry, the follow-up photometry, and the high-precision RV measurements following Pál et al. (2008) ; Bakos et al. (2010) ; Hartman et al. (2012) . We fit Mandel & Agol (2002) transit models to the light curves, allowing for a dilution of the HATSouth transit depth as a result of blending from neighboring stars and over-correction by the trend-filtering method. To correct for systematic errors in the follow-up light curves, we include in our model for each event a quadratic trend in time, and linear trends with up to three parameters describing the shape of the instrument point-spread-function (PSF). We fit Keplerian orbits to the RV curves allowing the zero-point for each instrument to vary independently in the fit, and allowing for RV jitter which we we also vary as a free parameter for each instrument. We used a Differential Evolution Markov Chain Monte Carlo procedure (ter Braak 2006; Eastman et al. 2013) to explore the fitness landscape and to determine the posterior distribution of the parameters. We fit both fixed circular orbits and free-eccentricity models to the data for all three systems, and then used the method of Weinberg et al. (2013) to estimate the Bayesian evidence for each scenario. The final resulting parameters for each system are listed in Table 5 , and we discuss each exoplanet briefly below.
We find that for HATS-19b, the free-eccentricity model has the higher Bayesian evidence (it is 500 times greater), and that this system has a significant non-zero eccentricity of e = 0.30 ± 0.10. HATS-19b is more massive than Saturn, with estimated planetary mass M p = 0.312 ± 0.050 M J , a rather-inflated planetary radius R p = 1.258 . The planet's equilibrium surface temperature T eq (averaged over the orbit, assuming zero albedo and full redistribution of heat in the planet's atmosphere) is 1570 ± 110 K.
For HATS-20b, the fixed circular orbit model has Bayesian evidence 3 times greater than a free-eccentricity model, with a 95%-confidence upper limit on the eccentricity of e < 0.501. This planet is less massive than Saturn, with M p = 0.273 ± 0.035 M J , and a measured planetary radius R p of 0.776 ± 0.055 R J . HATS-20b has a density comparable to that of Saturn itself, with ρ p = 0.73 ± 0.18 g cm −3
, despite being in close orbit around the host star (the planet's equilibrium surface temperature T eq is 1147 ± 36 K).
Finally, for HATS-21b, the fixed circular orbit model has Bayesian evidence 120000 times that of an eccentric orbit model and a 95%-confidence upper limit on the eccentricity of e < 0.149. This planet is slightly more massive than Saturn, with M p = 0.332 . Its equilibrium surface temperature T eq is 1284 +55 −31 K.
DISCUSSION
We plot the derived masses and radii for The highly inflated radius observed for HATS-19b despite its host star's enhanced metallicity and increased heavy element fraction may be explained by the combination of kinetic heating in the planet interior (Guillot & Showman 2002), opacityinduced energy transport inefficiencies (Burrows et al. 2007) , and additional energy input by tidal heating due to the planet's eccentric orbit (Jackson et al. 2008) .
HATS-20b is a dense planet orbiting an older star with nearly-Solar metallicity. HATS-20b's position in the massradius plane despite being in close orbit around its host star is likely to be a result of a large inferred core mass (> 25 M ⊕ ) combined with its relatively low level of insolation receiving Y 2 +ρ +ZASPE Note. -For each system we adopt the class of model which has the highest Bayesian evidence from among those tested. For HATS-20 and HATS-21, the adopted parameters come from a fit in which the orbit is assumed to be circular. For HATS-19, the eccentricity is allowed to vary. a ZASPE = Zonal Atmospherical Stellar Parameter Estimator routine for the analysis of high-resolution spectra (Brahm et al. 2016, in preparation) , applied to the FEROS spectra. These parameters rely primarily on ZASPE, but have a small dependence also on the iterative analysis incorporating the isochrone search and global modeling of the data. b The error on γ RV is determined from the orbital fit to the FEROS RV measurements, and does not include the systematic uncertainty in transforming the velocities from FEROS to the IAU standard system. The velocities have not been corrected for gravitational redshifts. c From APASS DR6 (Henden et al. 2009 ) as listed in the UCAC 4 catalog (Zacharias et al. 2012) . d Y 2 +ρ +ZASPE = Based on the Yonsei-Yale isochrones (Yi et al. 2001 ), ρ as a luminosity indicator, and the ZASPE results. e In the case of ρ we list two values. The first value is determined from the global fit to the light curves and RV data, without imposing a constraint that the parameters match the stellar evolution models. The second value results from restricting the posterior distribution to combinations of ρ +T eff +[Fe/H] that match to a Y 2 stellar model. much less energy deposited into its atmosphere, and perhaps thermal contraction over the long main-sequence life-time of the host star.
Finally, HATS-21b is another Saturn-mass planet orbiting a star that has enhanced metallicity [Fe/H] = +0.30, yet has a significantly inflated radius. Models from Fortney et al. (2007) calculated at the level of stellar irradiation expected (near 0.045 AU from the star) and an age of 1.0 Gyr appear to encompass the observed radius of the planet, but these require small core masses (< 10 M ⊕ ). The small core mass, combined with the high level of insolation may serve to inflate the planetary radius to the observed value.
Relations between various physical parameters and the observed giant planet radii have been investigated by Laughlin et al. (2011 ), Béky et al. (2011 ), Enoch et al. (2012 , and Zhou et al. (2014a) , among others. In particular, E12 fit empirical relations to the radii of Saturn-and Jupiter-mass giant planets as functions of stellar irradiation parameterized by T eq , planet host metallicity [Fe/H], planet mass M p , orbital semi-major axis a, and the tidal heating rate H. Significant correlations were found between planet radius and planet equilibrium temperature T eq , as well as between planet radius and host star metallicity [Fe/H] . Figure 8 summarizes the relations between the planet radius R p , planetary equilibrium temperature T eq , and stellar metallicity [Fe/H] for 204 irradiated transiting giant exoplanets with measured 9.14 ± 0.12 8.592 ± 0.054 8.787
Note. -For each system we adopt the class of model which has the highest Bayesian evidence from among those tested. For HATS-20b and HATS-21b the adopted parameters come from a fit in which the orbit is assumed to be circular. For HATS-19b the eccentricity is allowed to vary. a Times are in Barycentric Julian Date calculated directly from UTC without correction for leap seconds. Tc: Reference epoch of mid transit that minimizes the correlation with the orbital period. T14: total transit duration, time between first to last contact; T12 = T34: ingress/egress time, time between first and second, or third and fourth contact. b Reciprocal of the half duration of the transit used as a jump parameter in our MCMC analysis in place of a/R . It is related to a/R by the expression ζ/R = a/R (2π(1 + e sin ω))/(P √ 1 − b 2 √ 1 − e 2 ) (Bakos et al. 2010 ). c Scaling factor applied to the model transit that is fit to the HATSouth light curves to account for dilution of the transit due to blending from neighboring stars and over-filtering of the light curve. These factors are varied in the fit, and we allow independent factors for observations obtained with different HATSouth camera and field combinations. For HATS-19, blend factors 1 and 2 are used for the G606.4 and G607.1 observations, respectively. For HATS-20, they are used for the G700.1 and G700.4 observations, respectively. For HATS-21, they are used for the G777.3 and G778.2 observations, respectively. d Values for a quadratic law, adopted from Claret (2004) according to the spectroscopic (ZASPE) parameters listed in Table 4 . e For fixed circular orbit models we list the 95% confidence upper limit on the eccentricity determined when √ e cos ω and √ e sin ω are allowed to vary in the fit. f Term added in quadrature to the formal RV uncertainties for each instrument and treated as a free parameter in the fitting routine. In cases where the jitter is consistent with zero, we list its 95% confidence upper limit. masses M p > 0.1M J and periods P < 10 days taken from exoplanets.org (accessed on 2016 April 12) plus . In addition to these criteria, the host stars for these selected planets were required to have measured values of metallicity and effective temperature. There is a significant strong positive correlation seen between the planetary radius and equilibrium temperature, with a bootstrap 95% confidence interval of the correlation coefficient of [+0.52, +0.70].
On the other hand, there is only a weak negative correlation seen between the planetary radius and stellar metallicity with a bootstrap 95%-confidence interval of the correlation coefficient of [-0.28, -0.02 ], but it still appears statistically significant. Both results are in line with the conclusions in E12.
Characterizing the empirical relations of planetary and host star parameters to the observed planet radii may help distinguish between various proposed models of the input, internal transport, and loss of energy from planetary atmospheres, and may explain the observed radius distributions. We investigate the relative importance of these parameters by fitting a model relating them to the observed planet radius using regression carried out with Random Forests (Breiman 2001) . Random forest regression does not require explicit functional forms for the dependence between model parameters and the explained variable. It also includes a way to determine the relative importance of the regression model parameters. We used the implementation of this method in the Python scikit-learn library (Pedregosa et al. 2011 ); see Appendix A for details.
Using the random forest regression method, we fit the following model for the observed planetary radius R p , which is described as a function of the predictor variables T eq (the equilibrium temperature), [Fe/H] (planet host metallicity), M p (planet mass), a (orbital semi-major axis), e (orbital eccentricity), and M (planet host mass):
We break up the sample of 207 irradiated giant transiting planets (P < 10 days) that have measured values of radius, mass, semi-major axis, host metallicity, host mass, and orbital eccentricity into three sets: hot-Saturns (0.1 < M p < 0.5 M J ; 37 members), hot-Jupiters (0.5 < M p < 2.0 M J ; 125 members), and higher mass planets (M p > 2.0 M J ; 45 members). This allows us to investigate which model parameters are more important for each class of planet, and enables a comparison with E12, which used an identical scheme to break up their sample of planets and characterize relations between their physical parameters and observed planet radii.
Results of the model training and fitting process 15 are shown in Figure 9 for each set of planets. The median absolute difference between the predicted and observed radii is 0.08, 0.06, and 0.04 R J for Saturn-, Jupiter-, and high-mass planets respectively. The findings are broadly similar to those in E12, and are summarized below. We note that these conclusions are based on the observed sample of transiting giant exoplanets, without correcting for observational completeness. In particular, the bias towards brighter stars in the observed target population prefers main sequence stars with higher luminosity, mass, and radius, which results in a preference for transiting giant planets with larger radii that are more easily detectable. As such, the radii of all giant planet classes show a significant dependency on the planet host star mass. We assume that observational biases do not affect the correlations measured between the planetary radius and the other physical parameters. Taking these caveats into account:
• The radii of hot-Saturns appear to be largely dependent on planet mass and then on equilibrium temperature, with a small dependence on the planet host metallicity. This suggests that these planets are core-dominated (Miller & Fortney 2011) , and thus require inflation mechanisms more sensitive to heavy element content in the core, such as kinetic heating (Guillot & Showman 2002) , as opposed to mechanisms that rely on atmospheric opacity induced energy transport inefficiency (Burrows et al. 2007 ).
• The radii of hot-Jupiters are far more dependent on the equilibrium temperature than on either planet mass or planet host metallicity, unlike the lower mass hotSaturns. This suggests an inflation mechanism strongly tied to the radiation incident on the planets, such as Ohmic heating (Laughlin et al. 2011; Batygin et al. 2011 ).
• The radii of irradiated higher mass planets appear to be largely dependent on the equilibrium temperature, with smaller dependencies on the planet mass and host metallicity of comparable magnitude. In this mass regime, the inflation mechanism may be a combination of Ohmic heating and energy transport inefficiency caused by the increasing presence of heavy elements in the envelope. Interestingly, the planet radius shows a small but significant dependence on the orbital eccentricity as well, indicating that tidal heating may play an increasing role in this mass regime. T eq vs. • Eccentricity of the orbit appears to play nearly no role in determining the planet radii, except for the high mass planets. Note that the observed eccentricity in most cases is an upper limit, and is usually set to zero if not fully determined when fitting photometric and RV data to obtain planet parameters. The true eccentricity for these assumed-circular orbits may be up to 0.03 (Jackson et al. 2008) ; its effect on the planetary radius via tidal heating may thus be under-estimated in this sample.
Much of the uncertainty in characterizing the relations between giant planet radii and other physical parameters arises due to the small number of lower mass planets; there are only 37 Saturn-mass vs. 170 Jupiter-mass and higher-mass planets in the sample discussed in this work. A larger sample with directly measured masses, radii, and other physical parameters is required to effectively determine correlations that may distinguish between inflation mechanisms for these irradiated planets. To this end, one of the most important contributions that exoplanet transit surveys will make in the next few years will be to fill out this parameter space by discovering and characterizing with high precision populations of giant planets with masses M p < 1.0 M J over a wide range in orbital semi-major axis and planet host metallicity and luminosity. . Upper-left: Observed and predicted radii from the E12 relation for Saturn-mass planets (0.1 < Mp < 0.5 M J ). The gray line indicates R predicted = R observed . Upper-middle: Observed and predicted radii from the Random Forest regression (RF) model for Saturn-mass planets. Upper-right: Relative importance for six predictor variables used in the RF model for Saturn-mass planets. These have been normalized so that they sum to 1.0. Center-left: Observed and predicted radii from the E12 relation for Jupiter-mass planets (0.5 < Mp < 2.0 M J ). Center-middle: Observed and predicted radii from the RF model for Jupiter-mass planets. Center-right: Relative importance for six predictor variables used in the RF model for Jupiter-mass planets. Lower-left: Observed and predicted radii from the E12 relation for high-mass planets (Mp > 2.0 M J ). Lower-middle: Observed and predicted radii from the RF model for high-mass planets. Lower-right: Relative importance for six predictor variables used in the RF model for high-mass planets.
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where z refers to either the left or right child node, and c node is defined as: Figure 10 . The structure for a single decision tree from the random forest used to fit a regression model to the observed planet radii ("value" above) using various predictors (the vector X above). The "impurity" above refers to the criterion used to split the sample in the tree node at each level (see text for definition).
The prediction of an observed value is obtained by following the decision tree along these splits in the predictor values to the deepest level of the tree. The relative importance of a predictor is calculated by determining how much it contributes to reducing the "impurity" of the node samples at each level of the tree. Predictors that are used to split the nodes near the top of the tree are thus deemed more important than those that contribute to splits near the bottom of the tree. Note, however, that degeneracies between the model parameters themselves may result in calculated importances that do not reflect their true values (Grömping 2012) . Figure 10 shows how this works for a decision tree used in regression between planet radius and several predictor variables (discussed in § 4). At the top level, the sample is split based on X[3] (the equilibrium temperature in this case). The predicted value of the radius for this node is simply the mean of all radius values in the node sample. The two resulting nodes at the next level of the tree are themselves split based on X[1] (metallicity) for the left node, and on X[0] (planet mass) respectively. This splitting process continues until either there is only one element left in the node sample, or the construction of the tree is halted.
Decision tree regression in this way amounts to fitting sums of successive step functions based on the "best" splits for each predictor at each level of the tree. The process is non-parametric and does not rely on a prior functional form of the model. On the other hand, decision tree regression is very prone to overfitting if the tree is allowed to grow all the way to leaf nodes. In addition, small changes in the sample used to construct the tree can lead to very different trees being constructed. Ensembles of decision trees overcome these limitations, especially if different sets of predictors are chosen to split each tree. In particular, random forests (Breiman 2001 ) carry out bootstrap sampling of the full set of predictors, use the chosen samples of predictors to construct decision trees, and then average the predictions of these trees to estimate the final predicted values of the observations. The final relative importance of predictors may also be calculated as the average of the determined values of predictor importance for each tree.
Practical implementations of random forest regression involve tuning of so-called hyper-parameters. These are variables associated with the construction process of the ensemble of decision trees and include: d max (the maximum depth of each tree), n trees (the total number of decision trees), m split (the maximum number of predictors to consider when calculating the "best"
